Abstract. Enhanced Notch signaling contributes to uncontrolled cell growth and cell death resistance in cancer. Here, we demonstrate that in colorectal carcinoma cells the Notch1-dependent activation of cell cycle and proliferation is mediated by repression of the cyclin-dependent kinase inhibitor (CDKI) p27. The half-life of p27 significantly increased after siRNA-mediated knockdown of Notch1. Notch1 depletion altered the transcription of SKP2, KPC1 and KPC2, which are E3-ubiquitin ligase subunits targeting p27 for proteasomal degradation in the nucleus and the cytoplasm, respectively. As a consequence, the levels of p27 in both cellular fractions were elevated upon Notch1 knockdown. Importantly, the downregulation of Notch1 significantly sensitized colorectal cancer cells to chemotherapy and ionizing radiation. Our findings support an important role of p27 in Notch1-dependent oncogenic signaling and suggest that Notch1 is a promising target for an experimental therapy of colorectal carcinoma.
Introduction
Notch signaling is highly conserved throughout the animal kingdom (1) . It plays a crucial role in embryonic development and is implicated in the regulation of cellular proliferation, differentiation, apoptosis and angiogenesis in adult organisms (2, 3) . This pathway is essential for normal intestinal homeostasis by controlling stem cell fate decisions (4) . All Notch receptors and ligands as well as several target genes (Hes1, 5, 6, 7 and Math1) are expressed at various stages of development and differentiation in mouse intestinal crypts, the niche of intestine stem/progenitor cells (5) . Inhibition of the Notch signaling pathway via Hes1-depletion is accompanied by an increase of the secretory cells at the expense of absorptive enterocytes (6) . Additionally, this pathway is involved in cell cycle progression of crypt progenitor cells (7) . Because of its crucial role in cell fate decision, it is not surprising that Notch signaling has been implicated in colorectal cancer (CRC) development. Overexpression of Notch receptors, ligands and downstream targets is observed in most CRC tissues compared to normal colonic tissues which is associated with activation of the pathway (8) .
In mammals there are four Notch receptors (Notch 1, 2, 3, 4) and five Notch ligands (Jagged 1, 2, Delta-like 1, 3, 4), all of which are transmembrane proteins. Two proteolytic cleavage steps are required for activation of the receptor upon its interaction with a ligand (9) . The first (S2) cleavage detaches the Notch extracellular domain and is catalyzed by ADAM-family metalloproteases, ADAM10 or ADAM17/TACE (10) . The second (S3) cleavage is executed by the γ-secretase complex, leading to the release of the Notch intracellular domain (NICD) (11) . The latter translocates to the nucleus where it interacts with the transcriptional regulator RBPJ and its co-activator Mastermind (Mam). This triggers transcription of Notch target genes, such as those belonging to the Hes and Hey families (12) .
Several downstream effectors mediating the effects of Notch on cellular proliferation and differentiation have been described. One of them, p27 Kip1 , belongs to the CIP/KIP family of cyclin-dependent kinase (CDK) inhibitors (CDKIs) which also includes p21
Cip1/WAF1 and p57 Kip2 . It accumulates during quiescence (G0) and needs to be degraded before a cell can enter the cell cycle. p27 is mainly regulated by post-transcriptional mechanisms (13) , including diverse phosphorylation events and proteasomal degradation. To enable the cells to enter S phase, nuclear p27 levels have to decrease which is realized by SKP1-cullin-F-box protein (SCF SKP2 ) (14) . The prerequisite for this ubiquitination is a phosphorylation of p27 at threonine 187 (T187) by the CDK2-cyclin E/A complex. Another ubiquitin ligase, called Kip1 ubiquitination-promoting complex (KPC), accomplishes the degradation of p27 in the cytoplasm during early G1 phase (15) . This ubiquitination is also phosphorylation-dependent since KIS and DYRK1 kinases can phosphorylate nuclear p27 at serine 10 (S10), thereby allowing p27 binding to CRM1 (also known as exportin 1) via its nuclear export signal (NES) (16) . This leads to the export of p27 to the cytoplasm where it becomes a target for KPC-mediated Notch1-dependent regulation of p27 determines cell fate in colorectal cancer NEVYANA R. HRISTOVA 1 , KATRIN E. TAGSCHERER 1 proteasomal degradation. However, the precise mechanisms governing the Notch-dependent regulation of p27 are far from clear. Given the involvement of Notch in intestinal tissue homeostasis, the Notch-p27 axis could play a pivotal role in the development and progression of CRC. CRC is on third and second place in terms of incidence and mortality amongst all malignancies, and the established therapies against advanced stages of the disease have only limited efficacy. Because Notch signaling is essential for stem cell fate decision, therapies targeting this pathway might improve CRC treatment. Due to the crucial role of Notch signaling in colon tissue, understanding the mechanisms of proliferation activation and apoptosis inhibition by this pathway is of major importance in order to develop novel promising antitumor therapies for patients suffering from CRC. In this study, we characterized the regulation of p27 by Notch1 and the effects of Notch1 signaling on cell growth. Moreover, we investigated the potential beneficial interference with Notch1 signaling for increasing the efficiency of chemo-and radiotherapy for treatment of CRC.
Materials and methods

Materials.
The following reagents were used: oxaliplatin (Sigma, Deisenhofen, Germany, O9512), 5-fluorouracil (AppliChem, Darmstadt, Germany, A7686,0005), cycloheximide (Calbiochem, San Diego, CA, USA, 239763). The primary antibodies used in the experiments were: anti-Notch1 (Santa Cruz, San Diego, CA, USA, sc-6014), anti-p27 (Santa Cruz, sc-1641), anti-GAPDH (Santa Cruz, sc-32233), anti-β-actin (Chemicon International, Temecula, CA, USA, MAB1501), anti-KPC1 (Santa Cruz, sc-101122), anti-KPC2 (Abgent, San Diego, CA, USA, AP5353b), anti-SKP2 (Cell Signaling, Danvers, MA, USA, 4313), anti-PARP (BD Biosciences, San Jose, CA, USA, 556362), anti-caspase-3 (Imgenex, San Diego, CA, USA, IMG-144A) and anti-Ki67 (Dako, Glostrup, Denmark, M7240).
Cell culture. Human colorectal cancer cell lines were purchased from ATCC (Rockville, MD, USA), expanded and frozen in aliquots within four weeks. For the experiments described here, the cells were thawed and cultured for no more than eight weeks. Cell lines were authenticated by SNP profiling (17) and tested regularly for contaminations by multiplex PCR performed in the core facility of the DKFZ (18 Immunoblot analysis. Total cell lysates were prepared using lysis buffer [120 mM NaCl, 50 mM Tris-HCl (pH 8.0), 5 mM EDTA, 0.5% Triton X-100] containing phenylmethylsulfonylfluoride (1 mM), proteinase inhibitors (Roche, Mannheim, Germany, 11697498001) and phosphatase inhibitors (25 mM NaF, 200 µM NaVO 3 , 10 mM NaPPi). For cytoplasmic and nuclear fractions cells were harvested and processed with the Nuclear Extraction kit (Active Motif, Rixensart, Belgium, 40010) according to the manufacturer's protocol. Protein concentration was measured using the Bradford Assay (Bio-Rad, Munich, Germany, 500-0006). Soluble proteins (10-50 µg per lane) were separated on 10 or 12% SDS polyacrylamide gels and blotted on nitrocellulose membrane (Bio-Rad, 162-0115). Membranes were incubated with primary and secondary antibody (horseradish peroxidase-conjugated, Bio-Rad) which was visualized using an enhanced chemiluminescence detection system (GE Healthcare, Uppsala, Sweden, RPN2109).
Quantitative real-time PCR. Total RNA was isolated with the RNeasy Plus mini kit (Qiagen, Germantown, MD, USA, 74134). A total of 1 µg RNA was reverse-transcribed to cDNA using SuperScript II (Invitrogen, 18064-014) and Random Hexamers (Applied Biosystems, Carlsbad, CA, USA, P14122). Quantitative real-time PCR was performed using SYBR-Green ® PCR Master mix (Applied Biosystems, 4309155) and a 7300 Real-Time PCR system (Applied Biosystems). The following primers were utilized:
Flow cytometry. Flow cytometry analysis was performed on BD Biosciences FACSCalibur flow cytometer using Cell Quest software. For measuring cell death, cells were incubated with trypsin, harvested, washed and stained with 50 µg/ml propidium iodide (Sigma, P4170) in Nicoletti buffer containing 50 µg/ml RNase (AppliChem, A3832,0050). For cell cycle distribution analysis, cells were washed, incubated with trypsin, harvested, washed, fixed in 75% ethanol for 1 h at 4˚C, washed and stained with 50 µg/ml propidium iodide in PBS containing 50 µg/ml RNase.
Immunohistochemistry. Cells were washed, incubated with trypsin, harvested, washed and fixed in formaldehyde for 15 min at 37˚C. After washing, the cells were dissolved in 100% ethanol to which 30% FCS in PBS was added (in propor-tion 5:1). Paraffin-embedded cells and tissue sections were dewaxed and rehydrated using xylene and a series of graded alcohols, followed by heat-induced antigen retrieval using a target retrieval solution (Dako, S2031) in a pressure cooker for 15 min. The human tissue samples were provided by the Tumor Tissue Bank of the NCT Heidelberg after approval by the ethics committee of the University of Heidelberg. The collection of tissue samples comprised 44 primary colorectal adenocarcinomas with pT stadium pT3 and the following features: G2, n=25; G3, n=19; pN0, n=25; pN1/2, n=19. Staining was done on an automated staining system (Techmate 500, Dako) with avidin-biotin-complex peroxidase technique using aminoethylcarbazole for visualization and haematoxylin for counterstaining. The sections were incubated with primary antibody overnight at 4˚C [anti-Notch1 (50 ng/ml), anti-p27 (5 µg/ml) and anti-Ki67 (1:400)] and processed according to the manufacturer's instructions for the following kits: ChemMate Detection kit (Dako, K5003), ChemMate Buffer kit (Dako, K5006), Avidin/Biotin Blocking kit (Vector Laboratories, Burlingame, CA, USA, SP-2001). For the immunohistochemical semi-quantitative assessment of p27 expression, the staining intensity of immunoreactive tumor cells was determined based on the following scoring system: the intensity ranged from 0, negative; 1, low; 2, medium to 3, high. For statistical analysis, negative and low p27 expression was regarded as 'p27 low' and medium and high p27 expression was regarded as 'p27 high'. Proliferative activity of the tumors was assessed by counting Ki67-positive cells in the tumor tissue: 'Ki67 low' was attributed to tumors showing <50% Ki67-positive tumor cells, and 'Ki67 high' tumors showing ≥50% Ki67-positive tumor cells.
Clonogenicity assay. Cells were transfected with control, Notch1 and/or p27 siRNA. After 24 h, 500 cells from each transfection were seeded per well on 6-well plates. They were incubated for additional 6 days at 37˚C and stained with crystal violet (Acros Organics, Geel, Belgium, 229641000). Plates were scanned and the number of colonies was counted using Image J Software (National Institute of Health, Bethesda, MD, USA).
BrdU assay. Cells were transfected with control, Notch1 and/or p27 siRNA. After 48 h, 5,000 cells were seeded per well on 96-well plates. Following an additional 48 or 72 h incubation of the cells, they were labeled with BrdU using Cell Proliferation Biotrak ELISA System (GE Healthcare, RPN250) according to the manufacturer's instructions. The label was measured on Microplate Reader (Bio-Rad, 680) provided with Microplate Manager 5.2.1 software.
Pulse-chase experiment. For the pulse, the cells were washed with PBS and incubated for 16 h in methionine/cysteine-free MEM, to which 500 µCi of [35S]-cysteine/methionine (Met-[35S]-label, Hartmann Analytic, Braunschweig, Germany) was added per plate. After labeling the cells were washed with PBS and chased with complete MEM for the indicated times. The radiolabeled cells were lysed in cold lysis buffer (30 mM Tris-HCl, 120 mM NaCl, 10% glycerol, 2 mM EDTA, 2 mM KCl, 1% Triton X-100) containing protease inhibitors, ultrasonified and centrifuged (14,000 x g, 15 min). Supernatants were adjusted to the same protein content with lysis buffer and pre-cleared with Sepharose ® CL-4B beads (Sigma, CL4B200). Samples were then incubated with 1.5 µg of p27 antibody overnight at 4˚C. Immune complexes were precipitated with rec-Protein G-Sepharose® 4B Conjugate beads (Invitrogen, 101241) for 4 h at 4˚C. Precipitates were washed five times with cold lysis buffer. Proteins were released from the beads by incubation with 0.5 N NaOH for 1 h at 37˚C. Finally protein samples were mixed with Ultima Gold™ scintillation cocktail (Perkin-Elmer, Rodgau, Germany) and counted for radioactivity in a liquid scintillation counter with automatic quench correction (Perkin-Elmer). Non-specific binding to the beads was determined by conducting the whole immunoprecipitation procedure without p27 antibody. All measurements were corrected for non-specific binding.
Results
Notch1 knockdown causes p27 stabilization in CRC cells.
Notch1 receptor overexpression and aberrant pathway activation have previously been described in CRC (9) . Additionally, it has been reported that the effects of Notch1 on cell fate involve the cell cycle regulator p27 (7, 19) . Therefore, we initially compared the levels of activated Notch1 (NICD1) and p27 in different CRC cell lines by immunoblot analysis (Fig. 1A) . Amongst the seven analyzed cell lines, Caco2 cells showed lowest NICD1 and highest p27 levels. Consistent with this reciprocal correlation between p27 and Notch1 expression, knockdown of Notch1 caused upregulation of p27 protein levels ( Fig. 1B and C) . Since the increased protein levels of p27 were not caused by significant alterations in p27 mRNA expression (Fig. 1D) , we further characterized the putative post-transcriptional regulation of p27 by Notch1. Inhibition of protein translation using cycloheximide indicated significant stabilization of p27 protein over time when Notch1 was depleted (Fig. 1E) . Consistently, pulse-chase analysis revealed more than 2.5-fold prolongation of the p27 half-life (from 7 to 18 h) upon downregulation of Notch1 (Fig. 1F ).
Notch1 regulates ubiquitin ligases responsible for p27 degradation.
The most prominent mode of regulating p27 levels throughout the cell cycle is targeting p27 for proteasomal degradation. This is accomplished via ubiquitination by the Kip1 ubiquitination-promoting complex (KPC) in the cytoplasm in early G1 phase (15) and by the SKP1-CUL1-F-box protein (SCF SKP2 ) in the nucleus in late G1 which allows the cell to proceed to S phase (20) . Taking these key mechanisms of p27 regulation into consideration, we analyzed the effects of Notch1 on the two subunits of the KPC-ubiquitin ligase, namely KPC1 and KPC2, and on S-phase kinase-associated protein 2 (SKP2), the F-box substrate-recognition subunit of SCF SKP2 complex. An immunoblot analysis showed that KPC1, KPC2 and SKP2 were downregulated after Notch1 depletion ( Fig. 2A) . This regulation occurs at least partially on the transcriptional level, since SKP2, KPC1 and KPC2 mRNA levels were diminished upon Notch1 downregulation (Fig. 2B) . A subcellular fractionation revealed that in consequence of the regulation of both nuclear and cytoplasmic p27-targeting ubiquitin ligases, the levels of p27 increase in both cellular fractions (Fig. 2C) . Similar to Notch1 knockdown, KPC1 and SKP2 knockdown resulted in an upregulation of p27 (Fig. 2D) . Taken together, these results suggest that the regulation of p27 by Notch1 is mediated by KPC and/or SKP2.
p27 is a mediator of Notch1-dependent growth arrest. Since p27 is one of the key inhibitors of the cell cycle, we investigated the effects of its regulator, Notch1, on cellular growth. Furthermore, we analyzed to which extent p27 contributes to these effects. Notch1 knockdown inhibited cell proliferation as indicated by the decrease of BrdU-positive cells which was maintained over time (Fig. 3A) . This was accompanied by a G2/M phase arrest (Fig. 3B) . Finally, colony formation was inhibited by Notch1 downregulation (Fig. 3C) . Importantly, all of these Notch1-dependent effects on cellular growth and proliferation could partially be compensated by knockdown of p27 (Fig. 3A-C) . Further, to investigate the impact of p27 expression on proliferation in human tumor tissue, 44 CRC patients' samples were immunohistochemically analyzed. In accordance with the data obtained from cell culture experiments, samples expressing low levels of p27 were characterized by an increased proliferation capacity and vice versa (Fig. 3D) . Interestingly, an upregulation of Notch1 and downregulation of p27 were observed at the infiltration zones of the carcinomas (Fig. 3E) .
Notch1 knockdown synergistically promotes cell death together with chemo-and radiotherapy.
Various mechanisms for interference with Notch signaling have been investigated in CRC therapy (reviewed in ref. 8 ) and γ-secretase inhibitors (GSIs) have been tested in phase I and II clinical trials. Therefore, we were interested in analyzing the potential synergistic effects of Notch1 siRNA-mediated knockdown in combination with chemo-and radiotherapy. Compared to GSIs, the siRNA-mediated downregulation used in our study is specifically limited to the interference with Notch1 signaling. As shown in Fig. 4 , siRNA-mediated suppression of Notch1 significantly increased cell death induced by 5-fluorouracil (5-FU), oxaliplatin (OX) and ionizing radiation. Notch1 knockdown itself induced slight to moderate increase of cell death (control samples). In contrast, HCT116 cells showed only slight additive effects of Notch1 knockdown and conventional anticancer therapy (data not shown).
Discussion
Notch signaling plays a crucial role in cell proliferation but the exact underlying mechanisms are far from clear. Several studies have shown that in T-ALL and breast cancer Notch1 regulates cell cycle and progression via its direct target c-myc (21) (22) (23) (24) . Cyclin D1 was described to be a direct target of Notch1 and Jag1-mediated Notch signaling in breast cancer and RKE (rat kidney epithelial) cells (25) (26) (27) , and cyclin D3 was shown to be an essential mediator of Notch tumorigenic role in T-ALL (28) . In addition to cyclin D1, CDK2 was also demonstrated to be regulated by Notch in RKE cells (29) . Accordingly, the CDKIs p21 and p57 are transcriptionally repressed by Notch signaling (7, 30) . Further, Notch signaling was described to regulate p27 transcription in CRC initiating cells which ensured their self-renewal (19) .
In this study, we confirm that Notch1 suppresses the expression of p27 in colorectal carcinoma cells. Various mechanisms could account for this phenomenon. In fibroblasts and T-ALL cell lines Notch1 signaling transcriptionally activates the expression of ubiquitin ligase SKP2, thereby decreasing cellular p27 protein levels (20, 31) . In intestinal crypt progenitor cells the transcriptional regulation of p27 by Notch1 signaling is mediated by Hes1 (7). In our study, the knockdown of Notch1 in the CRC cell lines did not cause a decrease in Hes1 mRNA probably due to the compensatory signaling by the other Notch receptors (data not shown). However, Notch1 knockdown induced a decrease in SKP2, KPC1 and KPC2 mRNA expression. KPC1 is the catalytic subunit of the KPC E3 ubiquitin-protein ligase complex, while KPC2 is the non- catalytic subunit of this complex. In contrast to SKP2, which is the substrate-recognition subunit of the SCF E3 ubiquitinprotein ligase complex, the KPC complex is localized in the cytoplasm. In accordance with our data KPC has been shown to accomplish p27 degradation in different cell types such as fibroblasts, cells of the nervous system and dendritic cells (15, (32) (33) (34) (35) (36) . The KPC-mediated decrease of p27 in the cytoplasm is necessary for the cells to proceed from G0 to G1 phase, while the SCF-mediated downregulation of p27 in the nucleus is required for transition from G1 to S phase of the cell cycle. Notch1 regulation of both E3 ubiquitin-protein ligase complexes accounts for the altered levels of p27 in both the cytoplasmic and the nuclear cellular fractions. While previous reports have shown that the SKP2 promoter contains a NICD1-binding sequence, our study is the first one describing Notch1-dependent transcriptional regulation of KPC1 and KPC2.
Further analyses revealed that the effects of Notch1 on cell cycle and cellular proliferation are at least partially mediated by p27. Notch1 knockdown induced G2/M phase cell cycle arrest, decreased proliferation and diminished colony formation. However, the function of p27 might be supported by other cell cycle inhibitors from the CDKI family such as p21 and p57. In fact, we have observed a transcriptional regulation of p21 by Notch1 signaling leading to increase of p21 protein expression after Notch1 knockdown (data not shown). Furthermore, transcriptional regulation of p57 by the Notch target gene Hes1 has previously been described in intestinal crypt progenitor cells (7) . Hes1 was also shown to bind p57 promoter and repress p57 transcription, thereby avoiding senescence in hepatocellular carcinoma (37) .
Although the major role of p27 is to inhibit the cell cycle, this is not its only function in the cell. Interestingly, cytoplasmic localization of p27 has been associated with enhanced cell motility because of reduced activity of the small GTPase RhoA (38) . Therefore the subcellular localization is a crucial criterion whether p27 will play the role of a tumor suppressor or an oncogene. Highly aggressive tumors are often characterized by reduced nuclear p27 which enhances proliferation and by mislocalized cytoplasmic p27 which drives invasion (39) . Several studies in CRC found that reduced p27 protein levels are associated with poor outcome, including disease recurrence or death (40) (41) (42) (43) . Others have reported that cytoplasmic p27 correlated with high nuclear p27 staining and good prognosis in CRC patients (44) . In addition to being used as prognostic marker, it has been proposed that p27 has predic- After additional 48 h of incubation, cell death was quantified by flow cytometry analysis using PI staining (n=3, mean ± SD, Student's t-test, tive potential for response to cancer therapy. Increase of nuclear p27 levels or shift of p27 from the cytoplasm to the nucleus might be a predictor for response to inhibitors of p27 upstream regulators such as MEK/Src or PI3K/mTOR respectively (45, 46) .
In addition to the inhibitory effects of Notch1 knockdown on proliferation and cell cycle regulation, our study provides evidence, that high levels of Notch1 render CRC cells resistant to cell death induced by cytotoxic drugs and ionizing radiation. Notch signaling has previously been described to regulate antiapoptotic proteins such as Mcl-1, Bcl-2, Bcl-x L and XIAP (47, 48) , thereby inhibiting apoptosis. Additionally, Notch-dependent inhibition of apoptosis can also take place through negative regulation of p53 and PTEN (23, 49) . Inhibition of Notch signaling has emerged as a promising future therapeutic approach. GSIs are currently used in phase I and II clinical trials for CRC patients (RO4929097, Roche, NCT01198535, NCT01158274, NCT01131234; NCT01270438, NCT01116687) and other malignancies such as breast cancer, pancreatic cancer, T-ALL, and brain tumors (MK0752, Merck, NCT00645333, NCT01098344, NCT00100152, NCT00572182). There is growing evidence that the combination of Notch signaling inhibition and chemotherapy, radiotherapy or inhibition of other pathways being crucial for tumor maintenance will synergize together in order to kill CRC cells (50, 51) . This is in fact the rationale of many ongoing clinical trials. For example, the combination of cetuximab (a monoclonal antibody blocking the EGFR) and the GSI RO4929097 is used in a phase I clinical trial in patients with metastatic CRC (NCT01198535). RO4929097 in combination with chemotherapy (oxaliplatin, leucovorin calcium, 5-FU) and bevacizumab (a monoclonal antibody inhibiting VEGF-A) is used in a phase II clinical trial in patients with the same malignancy (NCT01270438). Since Notch signaling plays a crucial role in CRC initiating cells (so-called colorectal cancer stem cells), it further represents an attractive therapeutic target especially with regard to the highly resistant cancer initiating cells (52) .
Unfortunately, GSIs target all Notch receptors as well as the other substrates of the γ-secretase. Thus, significant side-effects of GSIs, such as gastro-intestinal toxicity and diarrhea, were observed in clinical trials (53) due to the inhibition of Notch signaling causing the differentiation of the intestinal progenitor cells into post-mitotic secretory goblet cells (54) . Therefore, other methods for more specific inhibition of individual players within the Notch signaling pathway are explored. For instance, a monoclonal antibody against the Delta-like ligand 4 (DLL4), called MEDI0639, is used in a phase I clinical trial in advanced solid tumors (NCT01577745). The expected antitumor effect of this antibody is due to inhibition of tumor angiogenesis (3). Notch1 and Notch2 specific monoclonal antibodies (anti-NRR1 and anti-NRR2) stabilizing the receptor negative regulatory region (ADAM/S2-cleavage region) are holding promise for successful specific inhibition of Notch signaling, thereby avoiding the severe intestinal toxicity of the dual receptor inhibition (55) .
In conclusion, our study provides initial evidence that specific interference with Notch1 signaling could be sufficient to sensitize CRC cells to 5-FU, oxaliplatin and ionizing radiation, which are routinely used in the clinical practice. Downregulation of Notch1 receptor leads to increased p27 levels and analyzing the subcellular localization of this cell cycle inhibitor might be important for predicting treatment success. Further investigation on the mechanism of regulation of KPC1 and KPC2 by Notch1 might also be an attractive topic. Collectively, we describe possible mechanisms of regulation of CRC cell growth by Notch1 signaling and investigating these complex interactions is crucial for using Notch1 inhibition for specifically targeting the death of cancer cells with mild side-effects for the patients.
